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Abstract.  The effects of temperature on the binding of
the agonist ["H]eyeloheayladenosine 1o A, adenosine re-
ceplors were studied by equilibrium binding techniques
in brain membranes [rom cight vertebrate species with
average body temperatures [rom 1 10 40°C. Ky values for
rat and chicken increased markedly as measurement
temperature decreased. In contrast, the Ky values for six
teteost species, including warm-adapted. cold-adapted.
and deep-living species. were much less sensitive to tem-
perature perturbation. At 5°C Ky values vary 30-fold
among the species: however. at temperatures approxi-
mating the cell temperatures of the species there is only
a four-fold range of values. Binding enthalpies varied in
sign and magnitude among the specics. Binding entro-
pics were positive for all the species: values were largest
for the warm-adapted species. and smatlest for the deep-
living fishes. B, values were relatively insensitive 1o
temperature changes. MgCl significantly increased By,
values. and for 1wo of three species, lowered Ky values.
MgCls did not alter the enthalpy changes. In cquilibrium
competition experiments at 5°C using brain membranes
from the deep-living teleost AAntimora rostrata, the aden-
osine analogs R-phenylisopropyladenosine. N-cthylear-
boxamidoadenosine, and 2-chloroadenosine were ap-
proaimately 23-lold more potent than S-phenyvhisopro-
pyladenosine. Despite perturbation by low temperature
of agonist binding to mammalian and avian A, adeno-
sine receplors. agonist recognition and binding proper-
ties of the A receptor have been retained in vertebrates
adapted to dillerent body temperatures. These adaptive
trends mirror those noted in studies of soluble enzyme
homologs and mu e acting from species adapted to
different temperature
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Introduetion

Adenosine has been demonstrated 1o be a significant
endogenous modulator in mammalian tissues. and m-
Mluences numerous physiological processes including hi-
polysis. coronary vasodilation. platelet aggregation, and
neuronal function in the central nervous system (Snyder,
1985 Stiles. 1986: Williams, 1987). Adenosine modu-
Jates cyvelic adenosine monophosphate (cAMP'Y accu-
mulation by affecting adenylate cyclase activity through
two distinct membrane-associated receptors. At Ay re-
ceptors, adenosine inhibits adenylate eyclase activity. At
A> receptors, adenosine stimulates CAMP production
(Daly et al., 1981). These receptors are distinguished on
the basis of structure-activity profiles ol adenosine ago-
nist analogs. The rank order poteney of adenosine ana-
logs is R-phenylisopropyladenosine (R-P1A) = 2-chloro-
adenosine (2-CADO)Y = N-cthylearboxamidoadenosine
(NECA) > S-phenylisopropyladenosine (S-PIA) at A, re-
ceptors and NECA > 2-CADO > R-PIA = S-PIA at A,
receptors (Daly, 1983 ab: Stone, 1985; Williams, 1987).

A, adenosine receptors in central nervous tissuc have
a wide phylogenetic distribution among vertebrates (Sie-
benaller and Murray. 1986). Receptors were identilied in
brain membranes ol eleven species representing six
classes ol vertebrates using the A -specific agonist [*H]cy-
clohexyladenosine ([PH]CHA)Y in assays al 22°C. Al-
though all the vertebrates tested, including a number
of cold-adapted marine fishes, displayed substantial
amounts ol specilic [11JCHA binding, no specilic bind-

' Abbreviations: 2-CADO, 2-chloroadenosine: cANIP, eyche adeno-
sine monophosphate: ['H]JCHA. [(Ieyelohexyladenosine: EDTA,
cthylenediuminetetrancetie acid: G oprotein. guanine nucteotide bind-
ing protein: NFCA. N-cthylearboxamidoadenosine: R-PIA. R-phenyl-
isopropy ladenosine: S-PIA, S-phenyhsopropy ladenosine: Ty, average
body temperature,
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ing could be detected in nervous tissue of molluscs or
arthropods. the two invertebrate phyla tested (Siebe-
naller and Murray, 1986).

Ligand binding to the A, receptor is markedly sensi-
tive to temperature perturbation (e.g., Bruns ez al., 1980
Trost and Schwabe, 1981; Murphy and Snyder, 1982:
Lohse et al., 1984). In mammalian species. agonist bind-
ing is strongly perturbed by decreased temperatures
(Murphy and Snyder, 1982); for example, optimal bind-
ing in rat adipocyte membranes is narrowly centered at
37°C (Trost and Schwabe, 1981). Agonist binding has a
relatively large unfavorable enthalpy change and is
strongly entropy-driven (Murphy and Snyder. 1982:
Lohse ¢t al., 1984).

Because of the strong temperature dependence of ago-
nist binding. and because ectothermic vertebrates have
body temperatures spanning a broad range, a number
of questions arise concerning A, adenosine receptors in
ectotherms, particularly those living at cold tempera-
tures. Do these receptors retain a high athnity for ago-
nists at the average body temperature ('T,) of the species?
Do A, receptors display the evolutionary conservation
of ligand binding abilities documented lor a variety of
enzyme homologs in thermal adaptation? For example.
in studies ol homologs of M;-lactate dehydrogenase from
species with cell temperatures of —210 47°C. the K, val-
ues of substrate and coenzyme are highly similar among
species when measured at the Ty, of the species. despite
variation in K, values with measurement temperature
(Yancey and Somero. 1978; Graves and Somero, 1982;
Hochachka and Somero, 1984 Yancey and Sicbenaller,
1987). This selection for particular K, values in evolu-
tionary adaptation to temperature results in the preser-
vation of the catalytic and regulatory functions of en-
zymes (Yancey and Somero, 1978; Graves and Somero,
1982: Hochachka and Somero, 1984; Siebenaller and
Somero. 1988).

To elucidate the characteristics of A adenosine recep-
tors in evolutionary adaptation to temperature, a study
was undertaken of the effects of temperature on binding
of the A,-specific agonist ['HJCHA to brain membranes
from species with body temiperatures ranging from 1°C
to 40°C, including a number of marine teleost hshes
which differ in their depths of occurrence. [P HJCHA was
used as the ligand because of the problems associated
with studying the binding of the endogenous agonist
adenosine (Daly, 1983a).

Materials and Methods
Specimens

Demersal adult Sebastolohus altivelis and S. alasca-
nus (Scorpaenidae) were taken by otter trawl at their typ-
ical depths of abundance off the coasts of Oregon and

California. Demersal adult Anzimora rostrara (Moridae),
AMMacrourus berglax and Coryphaenoides rupestris (Mac-
rouridae) were taken oft the coast of Newfoundland,
Canada. For comparisons these cold-adapted teleosts are
grouped as shallow- or deep-living (Table I). Data on the
depths of occurrence are from Wenner and Musick
(1977), Sullivan and Somero (1980), Siebenaller ¢t al.
(1982), and Middleton and Musick (1986). Species
which are common below approximately 600 m are con-
sidered decp-living. Brains were dissected and frozen in
liquid nitrogen at sea and transported to the laboratory
where they were stored at —80°C until used. Brains from
Epinephelus fulvus (Serranidae) were provided by Dr. E.
Pteiler, Umiversity of Puerto Rico, Mayaguez, Puerto
Rico. and shipped on dry ice. Frozen chicken (Gallus
domesticus) and rat (Ratius rattus) brains were pur-
chased from Pel-Freez Biologicals (Rogers, Arkansas).
The Ty's of the species are given in Table 1.

Chemicals

Radiolabeled [adenine-2.8-*H]CHA (34.4 Ci/mmol)
was purchased from DuPont NEN (Boston, Massachu-
setts). The R- and S-diastereomers of PIA and NECA
were obtained from Research Biochemicals, Inc. (Way-
land, Massachusetts). Adenosine deaminase (Sigma,
Tvpe VI). 2-CADO. and all other chemicals used were
from Sigma Chemical Company (St. Louis. Missouri).
Water was processed through a Milli-Q purification sys-
tem (Millipore Corp., Bedford, Massachusetts).

Preparation of brain membranes

On the day ol the experiment. frozen brain tissue was
thawed and prepared in 50 mA/ Trs-HCL, pH 7.6 at 5°C,
and I mAf EDTA asdescribed in Murray and Siebenaller
(1987). Prior 1o the final resuspension of the tissue, the
preparation was incubated with 2.5 1U/ml of adenosine
deaminase at 20°C for 40 min. The final resuspension of
the tissue was in 50 mA/ Tris-HCI, as indicated below,

Equilibrium binding assay for membrane bound A,
adenosine receptors

The specific binding of the A;-selective ligand [*H]-
CHA to brain membranes was determined using a rapid
filtration assay described by Bruns ¢f a/. (1980) and Mur-
ray and Cheney (1982) with minor modifications. Assay
conditions were chosen to be comparable 1o those used
in a previous study of the two Sebastolobus species (Mur-
ray and Siebenaller. 1987).

Aliquots of brain membrane preparations (150-750
ug of protein) were incubated with [*HJCHA and either
bufter or competing compounds in a final volume of |
ml. Samples were incubated in a circulating refrigerated
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S (cal/mol)

Warm
Rartt (37°Cy 9,474 + 68°
Gallus domesticus (30°C) 10.195 + 223
Fpmephelus fudvus (10 m: 24-25°C) 10.356 + 74
Cold-adapted shallow-Iiving teleost ishes
Sebastolobus alascanns (180-430

m: 4="°C) 10.804 + 6
Muacrourus berglax (300 m: 1-3°C) 11.075 + 37

Cold-adapted deep-living teleost ishes

Sehastolobus altivelis (330-1200 m:
1-7°C) 10.762 + 37
Corvphaenordes rupestris (1100-
1700 m: 1-6°C)
Intimora rostratad (1700 m: 1-4°C)

10.634
- 10,405
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o S Cand B, values for PH)CEE L binding to 4, adenosine receptors in membranes
vertebrates with different body temperatures

AH® AS°
(cal/mol) (entropy umiis)

Bma\
(fmol/mg protein)

9.259 + 1,644 ¢ 63.3 420 + 18.6°
6,731 + 1,365* 60.8 216+ 7.9
3.190 = 1.013* 49.4 288 + 98
1,219+ 422* 348 179+ 4.0
2502+ 845 49.1 23+ 09

212+ 526 39.4 211+ 89

211+ 809 39.0 71+ 1.2
3.773 £ 1.888 239 28+ 29

* The range of body 1lemperatures {or the species. und for the manne fishes, the depth of occurrence are indicated.

" Nean ol at least two determinations + standard error.
¢ Calculated from the standard errors of the slopes of van't Hoft plots.
¢* indicates AH® values not equal 10 zero (£ < 0.05).

“ Mean of determinations at all ol temperatures + standard error. The number of temperatures pooled for each species may be determined trom

Figure 1.

waler bath (Model 2067, Forma Scientific. Marietta,
Ohio) at the indicated temperatures tor 2 h, since this
time was [ound adequate in preliminary experiments for
the binding reaction to achieve equilibrium at all tem-
peratures. For cach species except Alntinmora rostraia, ex-
periments spanning the entire range ol temperatures cm-
ploved were performed in parallel to minimize vanabil-
ity in the treatiment of the membrane preparations.

The binding reactions were terminated by filtration of
the assay tube contents over No. 32 glass iiber Qlter strips
(Schlcicher and Schuell Inc., Keene, New Tlampshire)
using a cell harvester (model M-24R: Brandel Instru-
ments. Ganthersburg, Maryland) under vacuum. lilters
were then rinsed with four - 4-ml washes of ice-cold 50
mA Tris-TICL pt] 7.6 at 5°C, 10 remove unbound radio-
achivity . 1 ilter disks were placed in1o counting vials (o
which was added 9 ml ol Biocount (Rescarch Products
International Corp.. Mount Prospect. Hlinos). Filier-
bound radioactvity was determined by higmd scintilla-
HON SPECLrone Beckman model 1.S8000) at an cth-
ciency of 53 1ol rving overnight extraction at room
lemperature. The amount of radioligand bound was less
than 107 ol the 1o1al added in all experiments. Speeilic
binding was defined as total binding minus binding oc-
curring in the presence ot 60 g A/ R-PIA. and represented

95 10 85% of the total binding at the Ky values for [*H]-
CHA 1n all specices.

Protein determination

Membrane pratein content was assaved by the method
of Lowry er al. (1951) Tollowing solubilization of the
samples in 0.5 W/ NaOH. Bovine serum atbumin (Sigma
Chemical Company) was used as the standard.

Analysis

Each saturation binding isotherm of the agonist [*H]-
CHA to the A receptor was analyzed nsing LUNDON-1
(LLundon Software. Inc.. Cleveland, Ohio) iterative curve
fitting routines (Lundeen and Gordon, 1985). The con-
centrations of [FTCHA used ranged Irom 0.08 n/f to
24 nll

Thermodynamic parameters were determined using
the following equations:

K, = 1/Ky
AGY - RTIK,
AGY = AHY - 1A8"

where K, is the equilibrium association constant, Ky the
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Figure 1. The eflects of temperature on Ky of ['HJCHA. Filled

square; Rattus rattus. open square: Gallus domesticus: open inverse
triangle: Epinephelus fulvus, open tnangle: Sebastolobus alascanus,
open circle: Macrourus berglax; filled triangle: S. altivelis, filled circle:
Corvphacnoides rupestris: filled 1nverse tnangle: Antimora rostrata.
The standard error for each value is approximately 12% of the K. Each
point represents at least two determinations,

apparent dissociation constant. AGY the standard free
energy change, AH the standard enthalpy change, AS’
the standard entropy change, R the gas constant (1.987
calmol 'K ). and T the absolute temperature. Binding
enthalpies were determined (rom van't Hoft plots of
In K, versus the reciprocal absolute temperature using
the integrated van't Hoft equation:

In K, = —AHYRT + AS"/R.

K, values were calculated using the experimentally deter-
mined Ky at each temperature. The data were fit using a
least squares linear regression.

For the [’'HJCHA competition experiments conducted
at 5°C with 1. rostrata brain membranes, 1Cs, values and
slope factors were determined using the nonlinear least
squares curve-fitting program LIGAND (Munson and
Robard. 1980). Dissociation constants (K;) were deter-
mined using the equation:

K, = 1Cso/[1 + ([L]/Kq)]

where [L] is the total ['H)JCHA concentration employed.
K is the apparent dissociation constant of [’HJCHA and
ICs, is the concentration of inhibitor resuiting in 50%
inhibition of the specific binding (Cheng and Prusoft
1973).

Results

Efjects of temperatire on Ky and B,

The effects of temperature at pH 7.6 on Ky of ['H]-
CHA values differed among the eight species studied
(Fig. 1). Agonist binding in chicken and rat brain mem-

branes was the most sensitive to temperature changes: K
values increased 2- to 4-fold as temperature decreased
from 35° to 5°C. In contrast, the Ky values for the six
telcost hshes were much less sensitive to temperature: for
five of these species. the Ky values changed less than 1.7
nA/ over the 20°C temperature range tested. The K, val-
ues decreased with decreased measurement temperature
lor the preparations from Antiniora rostrata and Sebas-
tolobus alascanus. For S. altivelis and Coryphaenoides
rupestris membranes, there were no changes in Ky over
the temperature range 5-25°C. Ky values for Epineplie-
lus fulvus and Macrourus berglax increased slightly with
decreased temperature.

There is much less variation in Ky values at tempera-
tures approximating the T,'s ol the species (see Table 1)
than at an extreme measurement temperature such as
5°C. This is particularly apparent in comparing the Ky
values of rat and chicken membranes at 35°C with the
values for the cold-adapted fishes at 5°C (Fig. 1). There
isa 30-fold range of values for all species at 5°C. and only
a 4-fold range ol Ky values at temperatures approximat-
ing the body temperatures of the species.

Boma. values were relatively insensitive to temperature
changes (e.g.. Fig. 3). The mean =+ standard error of B,
values for all measurement temperatures pooled are pre-
sented in Table 1.

Tlhiermodynantic parameters

Binding enthalpies calculated from van’t Hoft plots
are given in Table 1. A plot for representatives of the three
groups ot species is shown in Figure 2. The binding cn-
thalpies differed among the species. The group of warm-
adapted species, the rat, chicken, and E. fu/vus, had the
largest positive binding enthalpies. The two cold-adapted
shallow-living fishes. S. alascanus and M. berglax, had

24
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Figure 2. Van't Hofl plots for ['HJCHA binding to brain mem-

branes of Coryphaenowdes rupestris (filled square). Macrourus berglax
(filled circle); and Gallus domesticus (filled triangle).
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table 1]

Relative potencies of . analogs as infubitors of specific
1'HCli Anumora rostratla hrain niembranes
2\ K, (n\f) Hhlt slope
4.5 0.96 094~ 016
S 1159+ 4798 0.77 +0.24
\ \ 16+ 1.20 1.06 + (.23
-CADO 43 1.68 0.75 +0.17

T'en concentranons of cach analog were incubated with 3.8 nV/
I'H]JCHA

enthalpy changes of different signs. The cold-adapted
deep-hving species had enthalpies which were close 1o
zero or negative: the 95% confidence limits for the nega-
tive enthalpy of 1. rostrata overlap zero.

AG” values were calculated using the Ky values ob-
tained at 5°C. AS” was determined from AH” and AG'
(Table 1). The ASY values for all species were positive.
The warm-adapted species had the largest binding entro-
pics (49 to 63 cal/mol deg). The shallow-living, cold-
adapted macrourid M. berglay had a large entropy
change. similar to that of the warm-adapted serranid /2.
Julvies (49 cal/mol deg). The species with negative or zero
binding enthalpies had the smallest entropy changes (24—
39 cal/mol deg).

The membrane preparations from C. rupesiris were
additionally assayed in 30 m.A/ imidazole-HCI, pH 7.5 at
20°C. and the pH allowed to vary with assay tempera-
ture. The pK, of imidazole changes —0.017 pH units/
°C.in a manner similar to the change in blood pH with
temperature (Yancey and Somero, 1978: White and
Somero. 1982). The change in enthalpy obtained in this
regime of varving ptl was similar to that obtained at a
constant pH using Tris-HCI1 bufter. and the data were
pooled.

Agonist equilibrivimn competition profile ar 5°C

The pharmacological profiles of [*11JCHA binding
sites in S alascanus and S altivelis brain membranes at
22°C have been shown to be those expected for A, adeno-
sine receptors, based on the allinities, rank order poten-
cies, and ability to discriminate between the R- and S-
diastercomers ol PIA (Siebenaller and Murray, 1986:
Murray and Siebenaller, 1987). To determine whether
the pharmacological prolile is similar at cold tempera-
ture in a cold-udapted species with temperature-depen-
dent binding acteristies  different from warm-
adapted species. e brium competition experiments
were performed using rostrata brain membranes at
5°C (Table I1). The potencies of R-PIA, NIECA. and 2-
CADO were simtlar. R-PIA was approximately 23-fold
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more potent than S-PIA. The nanomolar athnities and
the diserimination between R- and S-PIA are consistent
with an A adenosine receptor.

Lfjects of MeCls

For C. rupesiris, M. berglax, and G. domesticus, the
elfects of 5 mA/ MgCly were tested. Divalent cations have
been shown to influence binding to A receptors in mam-
mahan tissue (Goodman er @/, 1982; Ukena ¢ al., 1984).
and teleost nervous tissue (AMurray and Siebenaller,
1987). Bpay values in the three species increased substan-
tially in the presence of' 5 mud/ MgCls at all temperatures
and this increase tended 10 be greater at higher tempera-
tures (Fig. 3). Although binding athinities increased in the
presence of MgCly in the chicken and C. rupesiris mem-
branes. the binding enthalpies in the presence and ab-
sence of MgCl, do not differ lor any of the three species
(7-1est for each spectes 2> 0.05) (data not shown).

Discussion

The allinity for agonists of the mammalian A adeno-
sine receptor is markedly decreased at lowered tempera-
tures (Bruns ¢r al., 1980: Murphy and Snyder. 1982;
Lohse ¢t al., 1984). The A, adenosine receptor can exist
m two alhinity states for agonists (Lohse ¢r al., 1984:
Ukena eral., 1984). The decreased athnity at low temper-
ature is characteristic of the high-afhinity state of the A,
receptor, which comprises 70 to 85% ol the receptor pop-
ulation in rat brain at high temperatures (Lohse et al.,
1984). In contrast. agonist binding 10 the low alfinity
state was exothermic, and the proportion ol the receptors
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Figure 3. Ftlects of temperature and 5 mV MgCLL on B, values
of ['IJCHA for Corvphacnodes rupestris, Macronrus herglax, and
Gallus domesticus brain membranes. Open bars: no added MgChs:
filled bars: S m A MgCly. Means of at least Iwo experiments arc shown:,
the standard error for cach individual estimate of B, 1s less than 97%:
replicate estmiates of B, differ by dess than 1077
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in the low athnity state increased at low temperatures
(Lohse et al., 1984).

The present study was undertaken to aseertain the pat-
tern of temperature dependence ol agonist binding to the
A, receptor in vertebrates with different cell tempera-
tures, particularly species with lowered body tempera-
tures. With the protocol used, the data were consistently
better fit by a one athnity state model (tested by a partial
F-test, P> 0.05: sce Hoyer ¢r al., 1984). Thus, this study
cannot address potential temperature-dependent shilts
among aflinity states. Although the experimental proto-
col and incubation conditions of the present study differ
in detail from that used in previous studies, the thermo-
dynamic parameters obtained for rat (Table 1) agree with
those reported for mammahan nervous tissues by Mur-
phy and Snvder (1982) (AH" 13.200 cal/mol: AS” 82 eal/
mol deg at 25°C for CHA), and Lohse ¢r al. (1984) for
agonist binding to the high-athnity receptor subtype
(AH" 10,800 cal/mol; AS” 76 cal/mol deg at 37°C for R-
PIA binding).

Cold-adapted species retain high affinity binding at
their Ty’s, despite the strongly entropy-driven agonist
binding displayed by such warm adapted species as the
rat and chieken (Fig. 1: Table I). The affinity ol agonist
binding to the A, receptor in nervous tissue of cold-
adapted ectotherms at their T,'s 1s comparable to that
displaved by warm-adapted species at high temperatures.
Although there 1s considerable vanation in K, values at
different measurement temperatures, this variation is
greatly reduced when comparisons are made at tempera-
tures approximating the T,'s of the species. This contrast
i1s most apparent when one compares the 30-fold range
of values at 5°C to the 4-fold range ol K values at tem-
peratures approximating the cell temperatures of the spe-
cies (Fig. 1: Table 1).

MgCl, signiheantly increased B, values (Fig. 3). and
for the chicken and C. rupestris inereased binding affin-
ities. The binding enthalpies were not altered by MgCls:
the Mg”*-stimulated receptors have temperature-depen-
dencies similar to the receptors treated with EDTA and
incubated n the absence of MgCls.

The study at 5°C of . rostrata (Table 11) and previous
studies ol the Sehastolobus species (Siebenaller and Mur-
ray, 1986; Murray and Siebenaller, 1987) indicate that
the pharmacological profile of A| receptors of deep-sea
and cold-adapted fishes are comparable to those of mam-
mals in terms of their athnities and in the diserimination
of the R- and S-diastercomers of PIA. even when the re-
eeptors ol a cold-adapted species are assaved at 5°C.

The A, receptors in vertebrates with widely different
Ty's (1-40°C) have similar binding affinities for ['H]-
CHA at temperatures approximating the Ty's of the spe-
cies. This 1s analogous to the evolutionary conservation
of K., values for enzvme homologs [rom species with

different Ty's. At the T.'s of the species K, values are
highly similar, even though there is a strong temperature-
dependence ol substrate and coenzyme binding (Yancey
and Somero, 1978: Graves and Somero, 1982: Ho-
chachka and Somero. 1984: Yancey and Siebenaller,
1987). Conservation ol K, values, coupled with the sim-
ilar /n vivo substrate levels among speeies, results in the
preservation ot the regulatory and catalvtic properties of
the enzymes. and the sparing of cellular solvent capacity
(¢.g., discussion in Hoechachka and Somero, 1984).

I'he conservation ol ligand recognition and binding
affinity among receptors in speeies with different T's re-
flects the preservation during evolution of the interae-
tions between agonist and receptor. Ligand binding to
a receptor, such as the A, adenosine receptor which is
coupled to adenvlate eyelase, 1s but a single step in the
function of the reeeptor—G protein—adenylate evelase
circuitry. Nonetheless. ligand recognition and binding
are critical in the transmembrane signaling proeess.

The relative roles of enthalpy and entropy changes in
estabhishing the net change in free energy vary systemati-
cally among species with different body temperatures
(Table 1) in a manner mirroring the adaptive changes in
binding observed for actins from vertebrates with differ-
ent body temperatures (Swezey and Somero, 1982). The
differenees among speeies in thermodynamic character-
istics of agonist binding to the A, receptors may refleet a
variety of tactors which have vet to be evaluated. These
[actors may include differences (1) in the primary struc-
ture of the receptors, (2) in the carbohydrate moieties ¢o-
valently bound to the receptor proteins, (3) in the lipid
milieu of the membranes, and (4) in the interaction of
the receptor with the inhibitory G protein (G,), either in
terms ol the number and types of weak bonds involved
in receptor protein-G, binding, or in the relative quanti-
ties ol G, and A, receptor. It is likely that all of these may
contribute to the adjustment of binding athnities with
temperature, and indeed, in different evolutionary hin-
eages, the relative importance of these mechanisms may
differ.
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